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16 Abstract 
A preliminary study to compute the size of a special 
radiometric reflector antenna is presented. Operating at 
i GHz, this reflector is required to produce 200 simultaneous 
contiguous beams, each with a 3 d9 footprint of 1 km from an 
assumed satellite height of 650 km. The cverall beam efficiency 
for each beam is required to be more than 90%. 
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1. Summary 
A preliminary study to compute the size of a special 
radiometric reflector antenna is presented. Operating at 
1 GHz, this reflector is required to produce 200 simul- 
taneous contiguous beams, each with a 3 dB footprint of 
1 km from an assumed satellite height of 650 km. The 
overall beam efficiency for each beam is required to be 
more than 90%. 
2. Introduction 
The purpose of this report is to present a pre- 
liminary study for tht design of a large radiometric 
reflector antenna system. When orbiting at a height 
of 650 km, this antenna system is required to produce 
simultaneously 200 contiguous 3 dB circular footprints 
on the ground, each having a diameter of 1 km. The 
lowest frequency of operation is 1 GHz. The footprints 
are required to be as identical to each other as possible. 
The single most important requirement on the system is 
that the overall beam efficiency for the copolarized 
component in each of the 200 beams be better than 9 0 3  
within the two and a half 3 dB beamwidths. This means 
that among other things, the cross polarization be 
minimum too ( < 2 5  dB). 
When in orbit, the reflector may undergo considerable 
thermal distortions and its performance may change. A 
method is therefore needed to predict the performance of 
even a distorted reflector. Such a technique is discussed 
in Section 6 of this report. 
3. Spherical Reflector Approach 
A solution that meets the requirements set in Section 
2 is schematically shown in Figure 1. The 260 beams are 
simultaneously obtained by stacking 200 identical feed 
antmnas along a concentric circular arc in front of a 
spherical reflector such that each feed is pointing 
radially towards the spherical reflector surface. Each 
feed thus creates its own independent footprint. And 
since each feed antenna essentially sees an identical 
segment of the spherical reflector, the resulting 200 
foatprints are also practically identical. Observe that 
the angular separation between any two consecutive feed 
antennas icalled 01 is the same as the angular separation 
between the two adjacent footprints. This, for an altitude 
of 650 km and a footprint size of 1 km, turns out to be 
0.088' and the 200 feeds stacked along the feed arc thus 
subtend a total of 16.6O angle at the center of the spherical 
reflector (Figure 2 ) .  
Notice that the angular separation between any two 
consecutive feeds depends only upon the altitude and the 
footprint size; the physical separtion, however, is the 
product of the angular separation ( 8  = 0.088O) and the 
feed arc radius, a ~ d  therefore, depends upon the radius 
of the feed arc also. The radius of the feed arc, there- 
fore, should be larqe enough to provide znough physical 
room for each of the 200 feed antennas. It is assumed 
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q t  %hit r$age - .  phqf each . . ,  fge4 kqtenna should have, OP en 
average, a XQQIJ ~f qf least 88 a, which leads to a! fgM 
arc radiys of 577 A. Andsince for spherical rei$ectqy*, - I 
the feyd arc i s  q~qera+ly located about halfway begveep . ? .  - I  
the refaector wd its center of curvature (nearer to the . I 
reflsctor), the xacliys of curvature of the spherical 
refleqto~ is chopen to 1175 m. Note that there is r)~) 
specif$c reason $Q pick 88 cm for feed spacing except fbat : .  - . k  
the e$$imations , . of pracgtcal feed horn sizes suggest thq? 
a rooxp of about a meter be available for each feed anteppa. . $
. 
And of course, whether a feed horn limited in size to u p  
at 1 GHz feeding a reflector with dimensions chosen above 
can give a satisfactory secondary far field pattern or no$, 
remaing to be checked. 
Let us now consider an individual footprint which is 
caused by an individual feed antenna located at the feed 
arc. Each feed antenna illuminates a portion of the spherical 
reflector and it is the far field of this illuminated reflec- 
tor aperture which must have (a) a 3 dB beamwidth of 0.08a0, 
and (b) a beam efiiciency of better than 90% within the two 
and a half 3 dB beamwidths. The later requires that the 
highest side lobe of the reflected pattern be less than -32 
dB with wide angle side lobes below -60 dB. A study of 
various aperture distributicns [ l l  indicates that for an 
operating frequency of 1 G H z ,  an aperture il~ameter of about 
300 m (say, 305 m) with a rotationally symmetric cosine 
ORIGINAL PAGE IS 
OF POOR QUALITY 
squared f i e l d  d i s t r i b u t i o n  producaiu both a 3 dB baawidth 
of 0.088* and a aide lobe at -32 dBs the aide lobe fall off 
being -18 dB/Octave. 
Returning t o  Figure 2,  an i l luminated aperture  
with a diameter of 305 rn on the  r e f l e c t o r  corresponds to  a 
cone of 15' half angle emanating from each feed antenna. 
Therefore, each feed antenna whose nominal diameter has been 
f ixed t o  88 cm a t  1 GHz has t o  be able  t o  produce a ro ta t ion-  
a l l y  symmetric cosine squared far f i e l d  pa t te rn  over - + 15O. 
The overa l l  diameter of the  spherical  r e f l e c t o r  d i sh  to 
produce 200 beams then turns out to  be 660 m a s  shown i n  
Figure 2. 
I .  Fwd Conaiderations 
In the previouo section, it was assumed that after 
reflection, each feed pattern gave rise to a ratationally 
synunetric aperture field which varied as cosine squared i r  
the radial direction. For the reflector dimensions undar 
consideration, the portion of the reflector illuminated by 
a feed is such a small fraction of the full sphere, that 
it is practically flat and therefore a rotationally symmetric 
cosine equared aperture distribution is easily achieved by 
a feed which too has a rotationally symmetric cosine equared . 
pattern. 
A rotationally s,nmetric cosine squared feed pattern 
can be generated by any one of the several types of horns. 
In the present study, however, a circular corrugated horn [ 2 ]  
is considered. The feed pattern of the corrugated horn used 
for the computations presented in the following sections is 
shown in Figure 3. Observe that the horn diameter at the 
mouth is 2 m which is larger than 88 cm, the space designated 
for each feed at the feed arc. Therefore, the ceed horns 
will have to be staggered around the feed arc so that they 
are still on an average 88 cm or 0.088'  apart. Ti,@ beam 
efficiency of the feed pattern within l S O ,  which correspond8 
to the edge of the reflector is 98.3%. This number is 
imporrant because the overall beam efficiency of the antenna 
system is the product of this efficiency and the beam efficiency 
of the secondary pattern. 
0 3 6 9 12 15 
Angle in Degrees 
Figure 3 -- Feed Pattern of a Circular Corrugated Horn 
5. Seaondiary Pattern 
For the tefls. L- geometry shown in Figure 2 and 
using the feed pattern presented in Section 4, the colnputed [31 
secondar9 radidtiah pattern is shown in Figure 4 ,  It ha# 
a 3 dB b&lir~idth of 0.0806 and a maximum cross palarizatian 
level of less than -208 dB. The beam efficiency of the 
secondat9 pattern at two and a nalf 3 dB beamwidths is 93.18,  
the overail beam efficiency, therefore, being better than 31%. 
Orie of the concerns in spherical reflector applications 
is the resulting spherical aberration. It is of interest to 
note that in the present case, such a small segment of the 
sphete is being used as reflector that the maximum spherical 
aberrakioh neat the edge of the illuminated aperture (where 
the f itld strength is - 2 6  ,7 dB, Figure . 3 )  is equivalent to 
a phase ekkor of only about 18'. Such a sniall phase error 
causes a negligible degradation in the antenna gain. 
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6. Thermal Distortion Considerations 
The performance of a reflector antenna in space is 
sometimes not the same as predicted by the initial design 
because the  reflector undergoes severe distortions due to 
thermal variations. If the distorted shape of the reflector 
is quite a bit different from the original spherical shape, 
the reflector performance way change significantly and may 
even become unsatisfactory. Therefore, it will be desirable 
to be able to predict the performance of even the distorted 
reflector. If the distorted reflector surface could be knowiY 
analytically, then the reflector performance ofcourse could 
be accurately predicted. It is not generally possible to 
know an analytic expression for the entire distorted reflector 
surface at all times. Alternatively, a. sampling scheme can 
be implemented such that the coordinates of many discrete 
target points located along a rectangular grid on the reflector 
surface are known. Then, a smooth tight cubic surface can 
be fitted through the four corners of each of the rectangular 
grid patches such that the whole composite reflector surface 
is continuous and has continuous partial derivatives. Using 
this piecewise analytic expression for the reflector surface, 
the reflector properties can be computed. Needless to say, 
the target points on the reflector surface must be dense 
enough to sample the distortions and such that the surface 
between the measured points could be assumed tightly stretched. 
To demonstrate that the far field radiation pattern can 
indeed be accurately computed even when the reflector surface 
is known only at certain discrete points, the following 
example is presented. 
Computations presented in Figure 4 are made again, 
this time, instead of using a single analytic expression for 
the entire spherical reflector surface, though, the x - ,  y o r  
z- coordinates of 45 equispaced points on the reflector 
surface are used. These surface points are located on the 
reflector surface along a rectangular grid as shown in 
Figure 5 ,  the points being 40 m or 133.3 wavelengths apart. 
For computational purposes, the reflector surface over 
any rectangular patch is expressed as a bi-spline under 
tension [ 4 ] .  In Figure 6, the far field radiation pattern 
computed by using a single dnalytic expression for the entire 
spherical reflector surface (as in Figure 4) is shown by 
solid lines. On the same figure, the far field radiation 
pattern computed by using the piecewise analytic composite 
surface through 45 target points on the reflector is plotted 
with solid dots. The field values not shown by solid dots 
are too close to the solid line curve values to distinguish. 
The modificzttions needed in the computer program in Reference 
3 to make the present surface fitting computations are shown 
in the Appendix. 
In conclusion, for actual distorted reflector conditions, 
where the whole distorted reflector surface is not known 


analytically, accurate far field computations cur be rrda 
by uring our computer program which will accept for tha 
reflector surface geamtry, a set of discrete rsfleotor 
surface points. The basic underlying assuffvlpticm 54s that 
;he surface is cuaaoth between the target sample points, 
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Appendix 
The cmmputer program d m m n t e d  in Reference 3 ha8 beut 
modified ruah that now it can be used for making alaa the rurf@@q 
fitting reflector oalculationa ~imilar to the ones p$emen~eb in 
Section 6, The purpose of this appendix is to document the ~ga?raw 
ponding nodificationr, changes, and additions. 
Two new features have been added to the computer program WPWTt? 
(documented in Reference 31, The first feature, which is not of 
direct concern to the subject matter of this report is that in 
addition to prabolic, spherical, and ellipsoidal reflectors, the 
program REFLCTR can now also handle planar reflectors. A planar 
reflector is specified by (a) three cartesian coardinates of a 
point on the surface of the planar reflector - PLNPNT(l), PLNPNT(21, 
and PLNPNT(31, and (b) the three cartesian components of a unit 
vector normal to the reflector surface - PLNORM(l), PLNORM(2), and 
PLNORM(3). The value of the integer variable SURFACE must be set 
to 4 for a planar reflector. 
The second new feature is that in addition to specifying a 
reflector surface as being parabolic, spherical, ellipsoidal, or 
planar by setting SURFACE = 1,2,3 or 4 respectively, one can now 
also choose to specify any of the above reflector surfaces in 
terms of only a finite number of discrete target points located 
along a rectangular grid (assumed square grid here for simplicity) 
on the reflector surface. This is done by setting the integer 
variable NEEDFIT to a nonzero positive value. SIGMA is the tension 
factor (defined later) used for fitting the surface through the 
grid points, the grid spacing being DISFAC for both the y- 
and the e- directions. All these newly defined variables 
along with the ones already defined in Reference 3 are read, 
as before, in the subroutine NPUT. A listing of modified 
NPUT is given in Figure A-1. 
As a result of implementing the above two features, the 
subroutine APERTUR also changes. A listing of the new APERTUR 
is given in Figure A-2. Notice that in this subroutine, 
before statement number 100, the coordinates of surface 
target points are first stored in dimensioned arrays called 
EXTRAX, EXTRAY, and EXTRA2 and then the subroutine SURFl is 
called to compute the parameters necessary to compute an 
interpolatory surface passing through the surface grid 
points. Later on in the subroutine APERTUR (before statement 
number 1301, subroutine SURFDZ is called to interpolate 
the reflector surface at the given coordinate pair and to 
compute the components of a normal vector at the inter- 
polated point. 
The subroutines SURFl and SURFDZ are from "A Spline 
k~der Tension Package for Curve and Surface Fittingn by 
A. K. Cline, Department of Computer Science, University of 
Texas, Austin. This package of subroutines is an extension 
of Cline's work reported in Reference 4. A listing of 
subroutines SURFl and SURFD2 which also includes definition 
of parameters used in the subroutines is presented in 
Figure A-3. 
SI lRQnl lT lNF NPllT ( P  
C ~ M W O N / P A ~ A M S / T ~ T C F ~ ~ ~ ) ~ A ~ R ~ R F ~ X L A M ~ ~ ' ~ ~ D ~ S ~ ~ R F A C F ~ A P R ~ ~ A ~ F ~ ~ ~ ~ ~ ) ~  
A l - P H A . R F T 4 . t A Y * A * X C * Y C e  Z C ~ U F H A ~ X C Y F M I F X ~ R P P  . 
NT *YP .MPnI!IT*wAXPTS *RFI.l.P.r'LMPNT( 3) . *PLNnSN( 3 )  
C O M M O N / P L n C K G / Y C R l . ~ Z C H L ~ ~ F Y b H I I ~ H i M f  HII . 
C(lMMON/PATTErN/PHI 11) *THr=TAt 3 )  
CnMMnN/MATH/P I rP lz r~1n2*nTn i ,RTnn  
CrlMMnN/SIJRFIT/NFFnF ITrS1t;YA * P lSFAC 
I NTECFR T I  TLFISIIRFACE 
RFAD 2001 T ~ T C F  
QFAD *, A n R n R F , X ~ A M ~ G S I n * S l ~ l F A C F , h l F F n F I T * A P R n T A  
RFAD 4 .  A F I - L P . P ~ ~ W P N T I P L N ~ R M ~ S I G M ~ ~ ~ I S F A C  
PFAO t, FFFnr4LPHA,4FTArGAMMA 
RFAn * *  x C ~ V C ~ Z C ~ H F ~ ~ A F X ~ H F M I F X ~ Y C R L ~ ~ C P L ~ H F M A R I ~ ~ H F M I B ~  
REAn *. P H I r T H F T A  
IF(APQ.DTA.GT.O.0) U R I T F f 7 0 t 5 5 5 ) T I T L G  
IF(APSniA.GT.O.0)  U l I T F ~ 2 0 , 5 5 h ) F ~ F ~ , A ~ R n R F , X L A ~ r G R ~ n , 4 1 . P H A , R F T A ~  TAPF 20 
, . GAMi'4,XS*YC *7CIHFWAFX *HFMIFX TbOF 20 
G n  T n  ( 1 3 0 , 1 4 0 , 1 5 0 ~ ~ 6 0 ) ~ ~ l l ~ ~ ~ i f ~  *******+ 
PPJNT 5 7 8 *  T I T ~ F , X ~ A M . F F F ~ . ~ L P ~ A ~ R F T ~ . G A M M A . P ~ F I P ~ ~ T ~ P L N ~ R M  
Grl i n  1 7 0  
P R I N T  579.  T I T C F ~ X L A M * F F F ~ * A L P W ~ ~ H F T B * C I A M M A ~ A ~ R ~ ~ F I R F ~ L P  
Gn T n  1 7 0  
P R I N T  5P01 T I T l - F , X C A : 4 * F F F n , A L P H A * R F T A * G A M H A * A n R n R F  
G n  T n  1 7 0  
P R I N T  5a1,  T I f C F I X I - A ~ ~ * F F F n , A C P U A t R F T 4 * C , A W M A * A n R n R F  
P q I N T  5A2. XCIYCIZCtHFNAFX,HFM1 FY*CRln.YCHI- ~ I C R I 1 ~ c ( F ~ A R L ~ H F M 1 R L ~  
THFTA ,PH I 
[F(NFFDFIT.GT.O) P91NT 5R3. S I C M 4 r n l S F 6 C  
FnRMATI n 4 1 0 )  
Ff lRMAT(lX*f lA10) 
FnRMATt IXIF15.4)  
F n R M A T ( 1 H l  . / / I / ,  1 7 X . z t ~ L 4 h i b ~  ,IFFI.FT,TflQ. FAQ F l F L n  Q A n l A T l n N  * / 
o PATTFQ\l t A l ~ C l l l ~ A T l l l h ~ * / / / *  Q A 1 0 / *  O R A l  
O / *  UAVFI-FNGTH n F  F L F C T t I C  F1F?n........,..............*F9mO~ 
. LoCATlOhl  n F  CnVRnIhlATF f l Q l G l h l  I.IRT C F F n  (X.Y17).. ...*3F7.2 
.......... /*  F F F n  S l l T A T l n h '  AhlGLCq (A I .PYA*R~TArGAMMA 1.  .*3F7.5! 
.......... . /*  A P;)INT THC QFFLFCTCQ $llaFAC.F o ( , Y V 7 )  . * 3 F 7 * 2  
. / *  CnMPnlVFNTS I lF  IIFI'IT h'flQfilhl. T f l  S l l R F I C F  ( Y V Y * ?  )........*1F7J 
. 1 
FnRMATf 1 H l  , / / / / ,  1 lX.*FI IL IPTICAl-  RFFI-FCTflQ FAR F I F C Q  S b n I A T I n N  */ 
3 VATTFRN CAI-CI ICATl f th l * / / / *  * R A l 0 / *  * R A 1  
0 / 6  WbVFI-FNGfH f lF  F L F C T I I C  FIFLne.........o....-.......*F9.4/ 
..... . . LnT,Af l n h l  I36 Cnnr ln lh 'ATF r , R l C l h l  *IYT F F F n  ( Y  *Y .7 )  O3F7.2 
. . / O  F F F n  Y n T A T f n N  dNI;LF$ ~A(PHA.RFTA~GAMMA)..,........~~~F~ .*? 
....... /* MAJIIQ A X I S  n F  THC FLL l " T I C A L  QFFLFCTnQ.. ...* F 7 . 3 /  
Figure A -1  
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S l J R R n l l T  INF A P F Y T I I t I  P e N T  X q N P X  I 
C ~ M M ~ ~ / P A H A M S / T I  LE( IA ) *AOR~~ ' : *  XI-AMOGR I ~ ~ S ~ I R F A C F ~ ~ P R ~ ~ A ~ F F P ~ ( ~ ) ~  . 
A L P H A ~ ~ \ F T & G A Y M A ~ ~ ~ ; , Y C . * Z C . W F M A F X ~ H F M I F X * R M T V ~ R Y P P ~  
N T . ~ P * M P ~ ~ N T ~ ~ A X P ~ S I R F C L P ~ P C N P N T I  1) * P I N ~ ~ P M ( ~ #  
c ~ ~ M M ~ ~ / R L ~ c ~ ~ G / Y c ~ I . ~  ~ C H L ~ W F M A A L  *HFUI~~L  
C O M M n N / M A t H / P l  . P I ?  * P I n 2 r r ) T O R * R T f l n  
C n M M n N / D n I  N T S / N E o C E *  N l N T R  
C l l M M n N / S I t H F I T  / N F F r I F f T , S I t ; M A w n f  S F A C  
REAI. NWAT 
I N T F G F R  S F n G E  IS I IRFACE 
0 I M E N S l n N  P ( ~ * N T X I M P X ~ ~ P O L ~ ( S ) O P ~ I F ~ J ( ~ ) * D I N T (  ~ ) * P R L K ( ~ ) ~ A ~ ~ v ~ I *  
R(7r?)r~R(lr7)~~HAT(1)*C(7)*SR(1)*FI(3).FR(3) 
n 1 M F N S I n N  F X T Q A Y ~ ~ ~ ~ ~ F X T ~ ~ Z ~ ~ ~ ~ ~ F X T R A X ~ ~ ~ ~ ~ ~ ) ~ F X T R ~ ~ ~ ~ ~ ~ ~ ~ ~ F ~ ~ ~ ~ ~ ~  
I I I M f N S I i l N  Z X 1 ( 1 9 ) r Z X Y ( 1 9 ) r Z Y 1 ( 1 9 ) ~ Z Y l J ( 1 9 )  
I F ( N F E - n F t T . L F . 0 )  GO T n  100 
I F I T 1 1 9  
1111 5 0  I = l r I F I T  
F X T R B Z I  I ) = F X T R A Y (  I ) = - I O ~ ~ * ~ ~ ~ S F A ~ + I * ~ I S F A C  
C n N T  1 N O E  
~h 90 i = l * I F I T  
nn 90 J z l r l F I T  
cln T n  ( R 1 , 4 2 * A l , R 4 )  S l t K F A C F  
E X T S A X ! I r J l =  P L h I P V T (  1 1  *PCh8f lRM(  1 )  
• - ( F X T Y A Y (  11.-PI-NPMT(Z 1 ) *P I - lu f lRMI  2) . 
- ( F X T S A Z (  J ) - P C N D M T I  3 )  ) *PI Ih1nRM(3)  
F X T R b X ( l r J l = E X T ~ b X ( l , J ) / P L h I n R h I l )  
SII T n  so 
~ X T R A X ( ~ r ~ ) = - A O R ~ ~ F * S C ] R T ( 1 . - ( ~ X T R A Y l 1 ) * * 2 - F X T R A 7 ~ . l ) * * 2 ) / ~ F L L P * * ~ )  
G n  T n  90 
E X T R A X (  1  * J ) = - S r t 9 T [  A n R t l R F * * 2 - F X  f Q A Y (  1 ) * * Z - F X T R A $ (  J ) * * 2 )  
G f l  T n  90 
F X T R A X (  I . J ) = ( - & . O * A I I R I ? R F * * ~ + F X ~ R A Y (  1 ) * * ~ + F X T R A ~ ( J ) * * Z ) / ( ~ . * A ~ R ~ R F )  
C n N T  1 N I I F  
C A L L  ~ ~ ~ R F ~ ( ! F I T ~ I F I T ~ F X T R A Y ~ ~ X T ~ A ~ ~ F X T R A X ~ I F I T ~ Z X ~ ~ ~ X Y ~ ~ ! Y ~ ~ Z V N ~  . 
Z X Y 1 1 ~ Z X Y M l ~ Z X Y l h I ~ 7 X Y M N t 7 5 5 ~ F X T W A ~ T F M P , S I G W d r I F R R )  
ALPr(AS=AI.PHA*l )T l )9  
H F T A 9 = H F T A * l l T n R  
GAMMAQ=GAMMA*nTnR 
A (  1 ~ 1  ) = C O S ~ A L ~ Y A P ) : X C ~ S ~ G A M M A ~ ) - S ~ ~ ~ ~  I . P C ( A P ) X ~ S I ~ I ~ R F T A R ) ~ S I N I ~ G A M M A R )  
A (  1.2 ) = S I N (  4 l - P H A R ) * C n S I G A M M A H ) + C f i S (  AIIPC,AFf ; : k S I N ( H F T B R  ) * S I h l ( G A M M A R )  
A (  1.3 I = - C f l S I  H F T A Q  I : ~ $ l ~ l ( G A M M A s l  
A ( 2 r 1  )= -S lN(A?FHA' t ) : : :CnSIRFTAR)  
4 0 . 7  ) =  C r l S (  A L P H b i t ) : ~ C ~ 1 S ( H F T A 3  
A ( ? * ? ) =  S I N ( R F T A R )  
A (  1.1 I = T . n S ( A L P H A Q  ) : s S l h l ( G A M M 4 <  ) + 5 r h l I  AI-PHPR ) * S I N ( H F T B Q ) * ~ ~ S ( C I A H M A Q )  
A1 7 , 2 ) = 5 1 h l (  A l - P 1 4 A 9 ) * S I h 1 I C 4 ~ M A R ) - C 1 1 S (  ACPHAU ) * S I h l ( H F T A R  ) * C n S ( G A M M A R )  
A ( 3 * 3 ) =  C n S ( H F T A S ) : ? C n S ( G A M M A i I  
1F IAPSI )TA.GT.O.O)  k l R I I F ( Z O * \ l O )  T A P F  20 
F ~ R M A T ( l C ( l / r l O W * * * * ~ : ~ * * * * * * 7 Y ~ ~ t T H F T A * ~ 9 X ~ * Y * ~ 9 X ~ * 7 * ~ 7 X ~ * ~ R ~ ~ r 7 ~ ~  
. : : F Q Z 3 * 5 X  * * P H A S F * * 9 X * * R *  
Figure A - 2  
HHTFST= l .O t+40  
YINTS=NFDGE=O 
PHLKO)=PHL%(a )=PHLKI5 ) *0 .0  
on sooo IP=~,NP 
D F G P H 1 = P I S I l r l P ) * 3 T n n  
I F  (AP4OTA.GT.Q.OI W l T E 1 2 0 r  1 2 0 1  OFGPHi 
F ~ R M A T ~ ~ X , Q P H I = * I F ~ O . ~ ~  
r ) f l  4000 I T s l r N T  . 
DEGTHETaP(  4 9  I TI I P ) * W T n n  
S I N P = S I N ( P (  5 9 1 1  I I D )  
C O S P = C ~ S ( P ( S I I T * I P ~  1
S I N T = S I ~ l ( P ( 4 , I T , I P ) )  
C O S T = C n S ( P 1 4 r I T , I P ) )  
R H ( l r l ) = S I N T * C l ) S P  
R H ( Z * \ ) t S I N T * S I Y P  1 
HH( 3 r  1 )=COST * :, 
R R ( l r 7 ) = + F E E l l t l l  
Y H 4 2 v 2 ) ~ + F F E n ( 2 )  
YH( ? r 7 l = + F f E D ( 3 )  
C A L L  141111321 Re4tRH) 
GTl T n  ( 1 ? 1 r l Z ? 1 1 7 4 1  l Z h )  r S l l R F A C F  
AS SO. 0 
H R = ~ (  l r l  ) * P ~ . N ~ ~ H H ( ~ ~ + R ~ Z ; I ~ * P I - N ~ ~ R ~ ~ ~ ~ ) + R (  ~ , ~ ) * P L F I ~ R M ( ~ )  
C S = - ( h (  l * 2 )+P l .NPYT(  1 )  )aPLNn . tY (  1 )  
-IH(2r21+PCNPYT(2))*PLNnWM(Z) 
. -IH(3rZ)+PLNPNT(3))*PLNniMt3) 
~ r )  T n  1 2 8  
AQ=H( 1 9 1  ) * * Z / A n a n Y F * * 2 + (  R (  21 1 ) * * 7 + H f  7 r  1 )a*? l/RFLLp**2 
~ ~ = - 2 . 0 o ~ H ( l ~ l l * ~ ( l ~ 2 l / A ~ R f l H F 8 . ~ 2 + ( ~ ~ 2 , 1 ) * R ~ 2 ~ 2 ~ + ~ ~ 3 ~ 1 ~ * 6 ~ ~ ~ 2 ~ ~ /  
H F L L P * * 2  ) 
CR=~(l,Z)**Z/A~Rr)YF**2+~H(2r2)*~2+R(lrZ)*Q2)/~FLL?**2-l.O 
Grr TU 1 2 ~  
~ R = H ( l ~ l l * U ( l r l ) + Y ( 7 r l ) * H ~ 2 r 1 ~ ) + R ( 7 r l ) * H ~ 3 1 1 ~  
Wd=-?.*(H(lrll*R(117)+H(2~1l~~(2~?)+R(7,l)*B~3~2)) 
~ R = H ( ~ ~ Z ) * R ( ~ ~ ~ ) + ~ ~ ( ~ ! ~ ~ ~ * H ~ ~ I Z ) + R ( ~ ~ ~ ) * H ( ~ ~ ~ ~ - A ~ R ~ I R F * A ~ Q ~ U F  
Gn rn 1 2 8  
4R=H(Ztl)*H(211)+9~3vlI*R(lrl) 
H 4 = - ? . 0 * ( R ( 2 ~ 1 ) * H 4 2 ~ 2 ) + R ( 3 r 1 ) 9 h : W ) + 2 . 0 * 4 f l R ~ R F * 8 f l ~ 1 ~ ~  
C R = I ~ ( ~ ~ ~ ) * R ( ~ I ~ ) + ~ ~ ( ~ ~ Z ) * H ~ ~ ~ ~ ) + ~ . O * A I I V ~ R F * U ~  1*2) -4 .0 Af tRnRF**2 
I F  IAS.LT.1 .OF -10 )  PI-CR/RR 
I F  (AR.LT.1.OF-10) GO Tfl 1 2 9  
X=(-R9+SQQT(89*HS-4.*4H*CR))/(bS+AS) 
CnNT I N l l E  
X O = H t l r l  )*R-U( 1 1 2 )  
Y O = H ( 2 r l ) * R - R ( 2 * 2 l  
ZO=R(3,1 ) * R - R ( 3 * 2 )  
Figure A -2 ( Continued l 
IF(NFEOFlT.LF.0) cn rn 130 
X O ~ S ~ ~ R F ~ Z ( Y O ~ Z O ~ Y ~ ~ ~ ~ ~ ~ N ~ R M ~ I F ~ T ~  IFI ~ , F Y ~ R A Y ~ F X T Q A Z . F % T ~ A X , I P ~ T  
rFXTSArSIGMA) 
R . S O R T ( ~ X O + A O r 2 ) ) * * 2 + t Y f l + H ( Z t 3 ) ) * * 2 + ( 7 0 + R ( 3 * 2 ) ) * * 2 )  
XMAG=SORT( l.O+YN04M**2+ZbInRM**2) 
NHATIl)=L.O/XMAG 
N H A T ( 2 ) f - S I t N ( Y N 0 3 M * Y 0 ) / X M A G r r  
NHAT(3)=-SIGN(ZNO4M..ZO) /XMAI;  
r,n ro 138 
1 3 0  G 3  Tn ( 1 3 1  r'.3;!~134r 1 3 6 )  rSltRFACF a******* 
1 3  N H C T ( l ) = P L N O R M ( l ) '  
N H A l ( 2  )=PLNORM(Z) 
NHAT(3)=PLNnRM(3) 
Gn T i l  23R 
132  NHAl t 1 )=-XOoRFI-LP * * ~ / s ~ R T  ( , % . ~ * * ~ * R F L L P * * ~ + (  ~ 0 * 4 2 +  t0 * *2  ) *AQR~RF**A)  
N ~ ~ ~ T ( ~ ) = - Y O * A ~ Y ~ P F * * ~ / S Q R T ( X D * * ~ * H F L L P ~ * ~ + ( Y U * * ? + ~ O * * ~ ) * A ~ ~ R ~ R F * ~ ~ ~  
NHAT( 3 )=-ZO*An?nRF**Z/SQRTf X0**Z*HFLIIP**4+( YG**2+Z0**2 ) *AnRMF*s4 )  . ' 
GI? Tn 1311 
1 3 4  NHAT ( 1 =-XO/AOkflSF 
NHAT(2)=-YO/AnSnHF 
NHAT ( 3 ) 3-LO/AilYnRF 
c,n rn 138 
116  NHAT ( 1 ) = ~ , O * A P Q ~ R F / S Q P  ~i 4 . 0 ~ 4 n ~ n ~ ~ * * 2 + ~ 0 * * 2 + 7 0 * * 2 )  
N H A T ( Z ) =  - Y O / ~ O R T ( ~ . ~ ~ A ~ R ~ ~ P * * ~ + Y O * * ~ + ~ O ~ ~ * Z J  
NHAT ( 3 ) ~  - Z O / S ~ ~ T ( ~ . O Q A ~ Y ~ Q F * * ~ + Y ~ ) * * ~ + ~ O ~ * ~  
139 S C A L A K = ~ . O * ( R ( ~ ~ ~ ) * E J H A T ( ~ ) + R ( Z ~ ~ ) * ~ H A T ( Z ) + R ( ~ * ~ ) * N H A T ~ ~ ~ )  
00 1500  1x193  . 
1 5 0 0  ~ Q ~ l ) = H ( I ~ l ) - S C A ~ ~ A R * N H A T ~ I )  
F T I = P 1 1 * 1 7 * 1 P ) / R  
F P I = P ( 7 * I T * I P ) / R  
C I  1 ) =CnST*CnSP*FTI-SIPlP* iFPI  
t(7J=CnST*SINP*FTI+CnS?*EPI 
C(3 )= -S INT*FT I  
nn 7000 I=;,> 
F I ( I  )=O.O 
ZOO0 ~ = 1 + 3  
3000  F I ( I ) = F I ( l  )+A( I * J ) *C( . I )  
S C A C A R = ~ . O * ( E ~ ( ~ ) * N H A T ~ ~ ) + F ~ ~ ~ ) * ~ ~ U A T ( ? ) + F ~ ( ~ ~ * ~ ~ H A T ( ~ ) )  
nn 7500 I = I . ~  
2500  FRI  I )=SCALA~.~NHAT(  1 1-FI  ( I )  
Y=YO+(XC-XO)*SS( Z ) / S P f  1 )  
Z=ZO+(XC-XO)*SR(1)/SR(11 
~ = ~ ~ R T ~ ~ X C - X O ~ ~ ~ X C - I ( O ~ + ~ V - Y ~ ~ ~ ~ Y - Y ~ ~ + ~ Z - ~ ~ ~ * ~ ~ - Z ~ ~ ~  
P W A S F = P 1 2 ' : ( Y + n ) / X I . A M + P ( 3 , I T * 1 P )  
PNFW ( 1 1 =PHI-K ( 1 ) =Y 
PNFU(Z)=PRCY(Z)=L 
Figure A -2 ( Continued) 
2 4  
PYFWI 7 ) = E S f 2 )  
P Y E u f 4 ) = F S ( j )  
P N F W ~  $1 =PHASE 
TFST= HFMAEX*HFWAFX*I~FMIEX*HF ~ICX-HFMAFX*WFYAF %*f ~ - z c \ ) * (  i-;C J 
-WfMIFX*WFWIFX* (Y -YC) * {Y -YC)  . 
T E S T R C = H F M A R L * H F ~ A R t * Y F M I R L * c ) F M ~ R 1 1 - H F ~ b R H F M A R * - C l ) * - C R )  . 
-HFMJRC*~F~lRL*(Y-YCBL)*fY-YCRL) 
I F  ( T F S T )  2701.2501;2601 
2 5 0 1  NFnCE=NEDGf +l . -- FnC.F 
SFDGF=MAXPTS-NFrtCE. 
I F  (TFSTRL.1-T.O,O) CO ~n 2 5 1 0  
.LI_ MnVFMfP!V,lc.Pf I *SFnGF).L i )  
I F  f  bPRnfA.GToO.0) U Q I T F I  2 0 r 7 5 0 5 )  PRLK TAPE- 20 
2505 FOQMATf l X ~ * S * + 2 7 X ~ Z F l ~ - ~ . i ! F 1 ? . 7 ~ F 1 0 . 4 ~  1 2  P n I N T * RLOCUFO*) ' 
r,n i n  2 5 1 s  
2 5 1 0  CALI, MnVFMf PNFY.P( 1. S F ~ G F  *'5.j' 
lFf4PQnTA.GT.0-0) U Q I T E / 2 0 * 2 4 1 2 )  PNFW TAPE 2Tl 
2 5 1 ?  ~ O ' i ~ 4 T ( l ~ t * ~ * ~ 2 3 ~ r 2 ~ l 0 o 4 r 2 F 1 0 o 7 r F l O . 4 r 1 Z X r * F n G F  POINT*)  
2 5 1  5 CON1 I NtJE 
G n  T n  2 q 0 0  
2601 NINTR=NINTR+l  
I F  f TFSTRL.1-T.0.O) G n  TO 2 6 1 0  
CALL MnVFM(PR1-KIP( 1 rN IMTR)  r5) 
rFf4PSnTP.GT.O-0) W I l T F ( ? 0 , 2 6 0 5 )  nFCTHFT.PRCK*R 
2 6 0 5  F ~ R ~ A T ~ l X r ~ S * r l 7 X ~ ? F 1 O . G ~ Z ~ 1 O . 7 ~ Z F 1 O ~ 4 ~ l 4 X . * ~ ~ ~ ~ C K F ~ * ~  
c,n rn 2 6 1 5  
2 6 1 0  CALL MOVFMIPNFU,P( 1 .blIhlTR) ,5) 
IF(4PQDTA.GT.O.O) H 4 I T F f 2 0 * 7 6 1 7 )  17FGTHFTIPhlFW*R 
2 6 1 7  F n R W A T ( l X * * S * ~ l ? X , 3 F 1 0 - 4 * 2 F l n . 4 )  
2 6  1 5  Cr)NTIYIIE 
2701 IF c ! r . ~ o . l )  ;n TO z ~ o o  
I F  (TFST*TFSTfl) 2 7 0 4 r 2 R O O * 2 9 0 0  
2 7 0 4  ZTESTl=ZC-POLnI  2 )  . 
Z TESTZzZC-?NFWf 2 1. 
I F ( Z T F S T ~ * Z T E S T Z , L T . ~ )  Gn T n  ZROO 
CALI- INTFRP( PnLD,PhlFW*PINT) 
NFDGF=QFDGF+l 
SFDGF=HAXPTS-NFnCF 
CALL YOVFM~PINT.PRLKIZ) 
Y = P T N T ( I )  
Z = P l N T 1 2 )  
T E S T R ~ - = ~ F M A R L + Y F M A ~ ~ H F Y ~ R L ~ Y F M I R ~ - - H F ~ ~ R I - * ~ F ~ A R L * ( Z - ~ C R ~ ) * ~ Z - ~ ~ R L )  - 
-UFMIHL*nF:dISL*f  Y-VCR1 ) * ( Y - Y C R L )  
IF (TESTRC.CT.O.O) cn T Q  2710  
CAI-L Wl)VFM(PRl.<,P( 1 WSFnGF) 9 5 )  
IF(APQ~TA.GT.O.0) W Z  I TF( 2 0 * 2 7 0 5 )  PRLY T4PF 20 
Fig i! A -2 ( Continued ) 
TAPF 20 
TAPF 20 
~ O R ~ A T ( 1 X r * S * ~ 2 3 X r 2 F 1 0 ~ 4 r 2 F \ ~ e 7 ~ F 1 0 e 4 ~ 1 0 X ~ * 1 ~ T F R P n l . A T F n ~  RtftClc*h+) 
GO T n . 2 7 1 5  
CALL Y n u E n t P I w , P t  i .senwI,q) 
. . 
i 
1 F I A P R D T ~ o C T . O . O l  U R l T F ( Z 0 . 2 7 1 2 )  P I N T  TAP@ ; ~ b  9 
F ~ ~ A T I ~ X ~ * S * ~ ~ ~ X ~ ~ F ~ Q ~ ~ ~ ~ F ~ O O ~ ~ F ~ Q . C I ~ ~ X ~ * ~ N T F R P ~ I ~ A T ~ ~ * ~  
C W T  1  NlJE 
ca1.1 r n w r  ( . P N E u , P o l n ,  5 I 
T F S T n = T F S T  
TFSTalDSGTYET-9QoO)**2+lnFGPHf-1AOeQ)**2 
I F  I T F S T - 8 M T E S T )  2 . 9 R O r ' J 0 0 0 * 1 6 0 0  
HMTFST=TE  S T  
RMT=nECTHET 
HMP=OEGPHl 
HHSRX=SR 4 1 
RMS3Y=SS ( 2 1 
Y M S R Z = S R ( 3 )  
cnwr  NOE 
C ~ ~ N T  I NUE 
CONT t W E  
P R I N T  5 0 2 5 .  N I N T R , N F n G E  
F n R M A T I *  YtJHHEI OF IAITFRNAI. P n l N T S o o - o e * o e . e e - o o ~ e o * e ~ e ~ - o o e o o * 1 5 /  
• * NItMRFR OF ~ n G E . p n l h l T S  .....-**.oo-ooooo*oooo...ooo-.o*~~) i 
C ~ S R M T P = R M S R Z / S O R T ( H M S R X * * z + c \ M S R Y * * 2 + R M S R Z * * 2 )  
SiNflMPP=RMS9Y/SQST(HHSRX**Z+HMSSY**2) 
H M T P = S T ~ O * A C ~ S ( C ~ S R M T P ) '  
t 
H M P P = R T n n * A S I N (  S I N H M P P )  
P S I N T  5 0 5 0 .  R M T ~ H M P ~ R ~ S R X ~ H ~ S R Y ~ H M S R Z ~ H ~ T P ~ R M P P  
i 
I 
FORMAT(*  THE FEED MAX ISo.e....o...o...o....oo*.eoooe.THFTA=*FtoZC i 
* ..*..~......**........~..~~ o . e o P W I = * f 7 0 2 f  - i 
* THE R F F C E C T F n  R A Y  VFCTnQ ( X ~ Y 1 Z ) . . e . . . . ~ ~ . . ~ . ~ ~ ~ ~ * 3 F 7 o 2  /* THE Q E F L E C T F n  8 F A Y  MAX IS..~..o.~o.e..~.o..e.T~FTA=*F9,4/ 
* .o..*.......o*ooo.oo.oPHl=*F9o4) 
aET I lRY  . . 
E NO 
Figure A -2 ( Continued 
. \ 
C t r n T r 1 ~ t T 1 N F  ~ t t 9 ~ 1  t M , M , x . Y , ~ ,  i 7 ,  t x 1  , Z ~ V , T Y I  , I Y C , ~ X V ~ I ,  
t 7rYul , ? % Y I ~ f r Z Y ~ h i h l . f  SIIPsU*70eTFMP* 
* SIGw491FSI) 
C 
C T q l S  S f I H Q l ~ f l T l ~ F  n F T F 4 k I h l F S  TUG U A q A M F T F Q S  NFCFSSAQY Tn 
T, IWPt lTG f N T F 4 P n t - A T O Q Y  5 1 1 9 ~ A C ~  P ~ S S I Y C  THPII~@&H h SFCT- 
C d t G i l t A Q  G.7 10 ilF F I t ~ ~ C T I : k V A l -  VACltFs<, T U G  SI tRFbCF n F T F R M I i U t f l  
. C  C A N  HF 9 F p W F S F N T F f l  4 S  THF TF9SnQ u W n P l l C T  nF SDt , l r l FS  I r u n F R  
< TE* IK l f lN .  TL.IF X -  ANf) Y - Q A Q T I A I -  r ) t i f ~ l ? T ! \ I F C  A u n t l N n  TWF 
C, H f l l l n * i ~ t 9 Y  Awl1  'TMF X-Y-:>nQT 1 rlC nF i T \ l A T  I t I F S  A T  fur F4lllR 
c c r > t h ! E . a c ;  M A V  HF S P E C I F T F ~  ( IQITTF~.  CII~ ACT~IAI-  WAPPIR~C 
rlC PII INT' ;  l i r r l ~ f l  THF qI t<CL\C,E I T  T <  h i C c F S s l ( 4 Y  TR CALL T U G  
Fl INc T I f l h ~  <I < 137 , 
C 
I tkI  l ~ ~ d ! l T - -  
C 
r, Y I S  TYF NIIMHFK  it^ (;?rn LIMES 141 TUG Y - ~ I Y F C T I ~ A ~ ,  I ,  F, 
C, ? - l h l F t  P4441-1_FI_ 711 TI- ip  Y - A X I S  ( r . 1  ,CF, 7 ) .  
c 
C, ht IS THF F I I IF f l FY  f lF G? lrl l _ I ' \ t G S  Tr' THC Y - n l Q F C T T r \ h t ,  f , F, 
C l . f h l = C  3A !<hL I_F l -  TI3 T Y F  X - 4 X I ( C  ( \ I  . l : C ,  7 ) .  
C. 
Y [S Ah1 f i Q q i l Y  IIF T'qc %' Y - ( : n f l ~ ~ ; I T * l A T v ?  n F  1C(E f:WlO { I h l F S  
c T U  TGF Y-DII~FCT 1 t ~ l .  T L ' F ~ G  \ w m t I - r ~  HF (;Tit I T,TI,Y IMC,QF.I~ICIC,  
c 
C, Y 15 Ah1 BYQL\Y O F  TY' he y - C f 1 l ) ~ l l f 4 1 A j F \  n c  TUG f;4ln I - l f i I c S  
C, I ~ I  TUG I(-I)I+FC,TIII..I. T ~ F K I -  F.~JII~II,I~ l 4 ~  <TJ  T!:T<Y I(\!C,YF;AFING. 
c 
C ! IS Ar\l Ad.<dY OF T Y F  in b l  Fl ! \ l t ,  r l T ) b i A l _  \121_tlFS A T  THC 1:VTt-l 
di1ISIITS. 1 ,  F, 7 ( 1 . , I )  T.rl.;tTB IMS T U G  L l l h l T , T l f l V A t  \ I h l - l ~ c  a 1  
C ( X ( 1  ) * V ( . l ) )  F I W  ? = l * . . . - - d  C I M ; ~  \ I  = l*...*hl. 
c 
I ?  I \  F i i F  rZ11bl PT*c.FhlCl l)h! ~ i c  TPc * : l ' l ' Q l X  7 l !CFlT 11~1 T H C  
r; (:nt.l-~nbc; Dunc;-iA;tl ( I 7 .(;F, , 
I: 
C 7 x 1  hfill)  7 X M  B t F  h 4 3 4 Y \  I)F, T M F  . -  Y - V b M T l h l -  T ) L q l \ / A T T \ / F S  
r, I ~ H G  GIII\ICTIIIRI AI-O~I!; TI-IL x (  1 ) A I V ~ :  x (  :.$I - r;q rn I- INF';. .  
C ? F 5 P F ( ~ T l \ I F I , Y .  FHI IS  [ Y  1 ( , I )  Af i l f \  f Y f - l (  , I )  C i !h tTA lh I  'THF X - P 6 Y T -  
C I A l -  i ~ ~ : - ! l \ i A T I W F S  4 T  r H i  3 3 1 4 * T \  ( f ( J ) . Y ( , . I ) )  Ah111 
; ( x ( r , ~ ) . v ( . t ) ) .  IF<VG~;I'!\IFI.Y. Fo*?  . I  = 1 ..... h~.  F J T ~ F Q  n~ 
T ' j r " sF  ~ f i a . < A m F ~ F < 3  ' 1 1  1-1- t i &  I f : r \ ! l~<= i?  ( J\"II- i \ , ~ u @ f l Y T h ! G T  ln!,:C 
f; \ \ l D P l - I  +I1 TMTF?N! ! ! - t - f )  IG !SI-P<$.l  \ I )  I ! * . n l T . A 1 F S ,  
c 
C, X Y 1  Ah l l l  7Yh1 44F ! \< - :4V \  146 V - r ' A ~ T I h 1 ,  1 7 f w  l \ l O T  f \ / k C  
i l c  T i i G  G I  l ; \ lCTI  [ I N  hl-flhlt; Tilt-  ( 1 ) t\i\.li y ( 81) 1;9 j1-1 :- j \ I < < ,  
C ~ F S P F C T ~  \IFI-Y, T i4115 I Y  1 ( 1 )  hl \ l r )  r v - l (  1 )  Cr'lhaTlr.l\* THF Y - " ~ @ T -  
Figure A - 3 
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Figure A - 3 ( Continued 
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